A new method for the fabrication of nanocrystalline silicon (nc-Si) in SiH 4 plasma with very-high-frequency (VHF; 144MHz) excitation is proposed to increase the deposition rate, to control the size, and to minimize size dispersion of nc-Si. Nanocrystalline silicon is formed in the gas phase of the SiH 4 plasma cell by coalescence of radicals. Supplying Ar enhances the nucleation of nc-Si because of high efficiency of SiH 4 excitation into SiH 2 radicals resulting in the nucleation. The deposition rate is thus increased by a factor of 100 to 10 12 /cm 2 h. At the low flow rate of SiH 4 , smaller nc-Si with small dispersion is obtained. Moreover, when pulsed-SiH 4 is supplied into Ar plasma, the growth of nuclei is limited by the time when SiH 4 flows. The size of nc-Si and its dispersion are adjusted by the duration of SiH 4 gas pulse.
INTRODUCTION
Recently nanocrystalline silicon has received a great deal of attention for application to quantum-effect optoelectronic devices and single-electron tunneling (SET) transistors for the next generation ultra large scale integrated circuits (ULSI). SET devices have been proposed and fabricated using compound semiconductors, metal/insulator, and Si/SiO 2 nanostructure systems [1] [2] [3] [4] [5] [6] . Although room temperature operation has been demonstrated, realization of stable characteristics is still difficult at room temperature because of the difficulty in fabrication of nanometer-scale structures. For realization of SET devices operating at room temperature, uniform fine structure smaller than 10nm-scale is required. Moreover, by decreasing the size of nc-Si, one dimensional confinement increases the band gap of Si to visible energies.
We have investigated the formation of nc-Si in SiH 4 plasma using pulsed-H 2 gas supply by very-high-frequency (VHF; 144MHz) excitation [7] [8] [9] . Nanocrystalline silicon is formed in the gas phase of a SiH 4 plasma cell by coalescence of radicals. By inserting a H 2 gas pulse into the SiH 4 gas flow, the period of nucleation and growth of nc-Si are separated, thus the fabrication of nc-Si with 8nm diameter and narrow dispersion ( 1nm) of particle size is realized. But a problem of the method is that the deposition rate of nc-Si is very low (10 10 /cm 2 h), thus it is difficult to utilize nc-Si in future devices, e.g. SET devices and optoelectronic devices. In this investigation the deposition rate of nc-Si is remarkably increased by adding Ar gas to SiH 4 . Moreover, by inserting pulsed-SiH 4 gas into Ar plasma, size control of nc-Si, within 6 2nm, is also achieved with high deposition rate (10 12 /cm 2 h) compared to pulsed-H 2 supply.
EXPERIMENTAL
A schematic diagram of nc-Si deposition system, which is a modified silicon molecular beam epitaxy reactor, is shown in Fig. 1 . A plasma cell is attached in place of Knudsen cells. The electrodes of the plasma cell are capacitively coupled. The stainless steel plate with an orifice of 6mm diameter and 2mm length, separating the UHV chamber (10 -9 Torr) from the plasma cell, is used as the grounded electrode. The volume of the plasma cell is 230cm 3 . The deposition rate is monitored by a quartz crystal sensor during deposition. The pressure in the cell is monitored by a capacitance manometer and is controlled by the flow rates of gases. The flow rate of gas is controlled by a mass flow controller and computer controlled air valves. Nanocrystalline silicon is formed by coalescence of radicals produced from SiH 4 plasma in the plasma cell and is extracted out of the plasma cell through the orifice to the UHV chamber. Nanocrystalline Si is deposited on a silicon substrate. Figure 2 shows a high-resolution TEM image of nc-Si. The Si(111) lattice image indicates that nc-Si grown by the process is single domain crystal. The amorphous layer covering crystal Si is natural oxide.
RESULTS AND DISCUSSION
The first experiment is dilution of SiH 4 with Ar in the plasma cell that will enhance SiH2 radical formation. Plasma power is 20 W, SiH4 partial pressure in the plasma cell is 0.42 torr with 8.6 sccm flow rate and the flow rate of Ar is varied from 0 to 30 sccm. Figure 3 shows the deposition rate of nc-Si as a function of Ar flow rate. The deposition rate increases by two orders of magnitude compared to the case of no Ar dilution.
Before discussing the effect of Ar supply, some background information of nc-Si growth [10] [11] is useful. SiH 4 gas in the plasma cell is excited into Si, SiH, SiH 2 , and SiH 3 radicals. The densities of Si and SiH radicals are low enough to be ignored compared to SiH 2 and SiH 3 radicals. The SiH 2 radical has a short lifetime and reacts with a source gas (SiH 4 ) to nucleate nc-Si. Nucleus growth results from high-density and long-lifetime SiH 3 radicals and SiH n + (n=0-3) ions reaching surfaces of particles. Addition of Ar gas increases a number of SiH 2 radicals resulting in the increased nucleation of nc-Si [12] . At the proper plasma condition, SiH 2 density in the SiH 4 (1%)/Ar plasma increases by one order of magnitude compared to the case of pure SiH 4 . It will be explained as follows. One explanation is that electron temperature in Ar dilution is higher than that in the absence of Ar because of higher ionization [12] . Another is that collision between SiH 4 and excited Ar atoms produces SiH 2 . However that reason is not evident. The nucleation rate is given by [13] ( 1) where ν is the reciprocal number of Si atom per unit volume in one crystal-silicon particle, γ the surface energy, q the density of a precursor, k the Boltzman constant, T temperature, p pressure of a precursor, p c saturated vapor pressure of a precursor, and m the mass of a precursor. This means that slight increase of a precursor (SiH 2 radical) p increases the nucleation rate remarkably. Therefore, by supplying Ar, the nucleation rate resulting in the deposition rate of nc-Si increases remarkably.
For future devices, it is desirable that the size and its dispersion of nc-Si are small. For this purpose, the flow rate of SiH 4 is varied from 1 to 4 sccm. The plasma power is 3 W (0.42 W/cm 3 ) and the flow rate of Ar is 30 sccm. We assume that nc-Si is spherical with the height measured by AFM being the diameter. Non-contact AFM is used to prevent errors associated with particles being moved by the tip (Fig. 4) . Figure 5 shows the size distribution of nc-Si when the SiH 4 flow rate is (a) 1 sccm, (b) 2 sccm, (c) 3 sccm and (4) 4 sccm. Figure 6 shows the average size of nc-Si and dispersion of the size as a function of SiH 4 flow rate. It reveals that the average size of nc-Si tends to become smaller, close to 10nm, by decreasing the SiH 4 flow rate. Especially when the flow rate is less than 2 sccm, size dispersion is smaller than the case 
This suggests that the decrease of dispersion relates to the density of nucleation. In the case of high SiH 4 flow rate, the nucleation rate of nc-Si is higher, as shown in equation (1), thus the distance of each nucleus is close and some of the nuclei collide easily and condense. This leads to higher dispersion of the growth rate. In the case of low SiH 4 flow rate the distance of each nc-Si is far enough not to collide and condense, thus the growth is caused by only the source gas (SiH 4 ). So the growth rate of each nc-Si is not so various.
We can increase the deposition rate of nc-Si by adding Ar and decrease the size of nc-Si by decreasing the SiH 4 flow rate. However at the SiH 4 flow rate near 1 sccm, the growth rate is nearly as slow as with pulsed-H 2 . By supplying pulsed-SiH 4 into Ar plasma, we can reduce the amount of SiH 4 supply without decreasing the deposition rate of nc-Si. The following conditions are used. The flow rate of SiH 4 is varied from 1 to 4 sccm, plasma power is 3 W, the flow rate of Ar is 30 sccm, the SiH 4 pulse duration, which means the time of SiH 4 supply, is 0.1sec and the purging time, which means the time of Ar flow between the end of SiH 4 pulse and the beginning of a next pulse, is 1sec. Figure 7 indicates the schematic diagram of the gas flow sequence. Figure 8 shows the size distribution of nc-Si when the pulsed-SiH 4 flow rate is (a) 1 sccm, (b) 2 sccm, (c) 3 sccm and (4) 4 sccm. Figure 9 shows the average size of nc-Si and its dispersion as a function of the pulsed-SiH 4 flow rate. It indicates that the average size is smaller than that due to continuous SiH 4 supply. Decreasing the flow rate of SiH 4 makes the size of nc-Si and its dispersion smaller (as in the case of continuous-SiH 4 diluted by Ar). Especially, when the flow rate is 2 sccm the size of nc-Si is 6 2nm, while for 1 sccm the size is 5 1nm. The size is improved compared to pulsed-H 2 supply. Moreover, in the case of 1sccm, dispersion of the size is comparable to pulsed-H 2 supply. It suggests that particles grow during the SiH 4 pulse duration, and after SiH 4 is stopped the growth stops immediately [11] . So by shortening the duration of the SiH 4 flow, the Size of nc-Si (nm)
Pulse duration growth time decreases and the size of nc-Si decreases. Figure 10 shows the deposition rate of nc-Si with the case of pulsed-H 2 supply. It indicates that the deposition rate increases remarkably compared to the case of pulsed-H 2 . This is caused by excitation by Ar gas, as well as continuous SiH 4 supply diluted by Ar.
To examine the effect of the pulse duration on nc-Si size, we varied the pulse duration of SiH 4 from 0.1 to 1sec with 2 sccm SiH 4 flow. Other conditions are as same as in the previous experiment. Figure 11 indicates the average size of nc-Si as a function of the SiH 4 pulse duration. When the pulse duration is longer than 0.3sec, the size saturates to 10nm, the same size as formed by continuous SiH 4 supply. It means that this pulse duration is longer than the residence time of nc-Si in the plasma cell, which results in the growth of nc-Si. Particles are extracted before they grow larger than the saturated size. On the other hand, when the pulse duration is shorter than 0.3sec, the size is reduced. It indicates that with these deposition conditions, this pulse duration is shorter than the residence time of nc-Si in the plasma cell, so we can control the size of nc-Si by changing the pulse duration in the range of the residence time. The residence time depends on a flow rate of all gases, particle size, the electron density, etc., so for controlling the size we must obtain the relationship between the residence time of nc-Si and the plasma condition. However, in the case with very short pulse duration, response time of the valve attached to this system, eddy current flows in plasma cell and gas conductance are significant, making detailed investigation difficult. So we need to improve them for the detailed investigation.
CONCLUSION
We have investigated the nc-Si formation in the plasma cell with VHF (144MHz) excitation. The deposition rate of nc-Si remarkably increased by adding Ar gas into SiH 4 , compared to the case of pulsed-H 2 . Adding Ar gas increases the excitation efficiency of SiH 2 radicals resulting in the nucleation of nc-Si. As the flow rate of SiH 4 decreases, the size of nc-Si becomes smaller, as well as the reduction in size dispersion By utilizing pulsed-SiH 4 into Ar plasma, we can fabricate smaller nc-Si than pulsed-H 2 with the deposition rate (10 12 /cm 2 h) increasing by two orders of magnitude compared to the case of pulsed-H 2 . We can control the size of nc-Si by varying the pulse duration of SiH 4 flowing in the range of the critical time, which depends on a plasma condition, with small dispersion. Thus by decreasing the pulse duration to be less than the residence time, we can control the size of nc-Si. But for that purpose, we must investigate the relationship between the residence time of nc-Si and the plasma condition.
